The interaction-induced dipole moment surface of the van der Waals CH 4 -N 2 complex has been calculated for a broad range of intermolecular separations R and configurations in the approximation of the rigid interacting molecules at the MP2 and CCSD͑T͒ levels of theory using the correlation-consistent aug-cc-pVTZ basis set with the basis set superposition error correction. The simple model to account for the exchange effects in the range of small overlap of the electron shells of interacting molecules and the induction and dispersion interactions for large R has been suggested. This model allows describing the dipole moment of van der Waals complexes in analytical form both for large R, where induction and dispersion have the key role, and for smaller R including whole ranges of their potential wells, where the exchange effects are important. The proposed model was tested on a number of configurations of the CH 4 -N 2 complex and was applied for the analytical description of the dipole moment surface for the family of the most stable configurations of the CH 4 -N 2 complex.
I. INTRODUCTION
It is well known that any gas media consisting of nondipolar molecules absorb in the IR and far IR spectra. [1] [2] [3] The nature of absorption is in the presence of both the transient dipole moments of colliding molecules and the dipole moment of stable van der Waals complexes. For this reason, dipole moments of interacting molecules are the object of numerous theoretical and experimental studies. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] At present, there arises an interest to the CH 4 -N 2 complex in connection with the study of nitrogen-methane atmosphere of Titan [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] ͑Saturn's main satellite͒. The low temperature ͓70-100°C ͑Ref. 23͔͒ of its atmosphere and the relatively high pressure ͑1.5 bars, 50% higher than at Earth͒ are favorable for the formation of stable van der Waals CH 4 -N 2 complexes that take active part in all physical-chemical processes of Titan atmosphere. 17, 18 In particular, van der Waals CH 4 -N 2 complexes will manifest themselves as spectral peculiarities on the background of nonresolved diffuse contours of the absorption spectra of colliding CH 4 and N 2 molecules.
In spite of the importance of the CH 4 -N 2 complex in the investigations of the properties of methane-nitrogen planetary atmospheres, this complex is poorly studied. At present, there are only three works, [33] [34] [35] where the theoretical investigation of the potential energy surface was carried out. It was found that there is a family of the most stable configurations of the CH 4 -N 2 complex with an energy difference of less than 0.04 cm −1 . 35 The electric properties of the complex were studied in Refs. 36 and 37. In Ref. 36 , the analytical investigation of the long-range collision-induced dipole moment surface, taking into account the induction ͑up to R −6 ͒ and dispersion ͑up to R −7 ͒ contributions, was carried out. In Ref. 37 , the polarizability calculations were carried out for the CH 4 -N 2 complex at the CCSD͑T͒/aug-cc-pVTZ level of theory with the basis set superposition error ͑BSSE͒ correction and within the framework of the long-range multipolar induction ͑partially up to R −6 ͒ and dispersion ͑up to R −6 ͒ interactions. The dipole moment surface suggested in Ref. 36 was employed for the description of collisional spectra of the CH 4 and N 2 molecules in Refs. 38 and 39. In these works, it was shown that the calculated absorption spectra for frequencies from 30 to 250 cm −1 agree well with the existing measurements, 40, 41 but at high frequencies Ͼ250 cm −1 , it shows a substantial intensity defect. In the present work, we have carried out ab initio CCSD͑T͒ calculations of the dipole moment surface for the wide range of intermolecular separations ͑6-40 a.u.͒ including the range of potential wells for different configurations of the van der Waals complex CH 4 -N 2 . Also, we have improved the long-range model of the dipole moment surface 36 by fully including the induction terms up to R −7 and by accounting for the contributions from the effects of electron shell overlap of the interacting molecules.
II. THEORETICAL TREATMENT
In the present work for the calculation of the dipole moment of the CH 4 methods were employed. The Cartesian coordinate system shown in Fig. 1 was used for the description of the complex. The origin of the coordinate system is placed on the carbon atom of the methane molecule. The vector R connecting the carbon atom with the center of N 2 bond length has the components ͑R ,0,0͒. The rotations of the methane ͑A͒ and nitrogen ͑B͒ molecules in this coordinate system are determined by Euler angles A , A , A , B , and B , accordingly. The initial position of the molecules in the CH 4 -N 2 complex presented in Fig. 1 corresponds to the Euler angles A = A = A = B = B = 0. In this figure, the coordinates of nitrogen atoms are ͑R ,0, Ϯ r NN / 2͒ and the CH 4 molecule has the standard orientation: the carbon atom is at the origin ͑0, 0, 0͒ and the hydrogen atoms have the coordinates ͑c, c, c͒, ͑c,Ϫc, Ϫc͒, ͑Ϫc,Ϫc, c͒, and ͑Ϫc, c,Ϫc͒, where c = r CH / ͱ 3. The geometries of the CH 4 and N 2 monomers were optimized at the coupled cluster level with singles and double excitations and noniterative correction to triples excitation ͑CCSD͑T͒͒ level of theory using the aug-cc-pVTZ correlation-consistent basis set. The bond lengths for the CH 4 and N 2 molecules were found to be r CH = 2.0596 a.u. and r NN = 2.0864 a.u., accordingly. When calculating the dipole moment surface of the CH 4 -N 2 complex, the methane and nitrogen molecules were kept rigid with the monomer geometric parameters mentioned above.
A. Ab initio calculation details
For the calculation of the electric properties of the weakly bound CH 4 -N 2 van der Waals complex, the second order Møller-Plesset perturbation theory ͑MP2͒ and CCSD͑T͒ levels of theory were employed using the MOLPRO 2006.1 package. 42 For these calculations, we have used the correlation-consistent aug-cc-pVTZ basis set of Dunning 43 that is designed specially for correlated calculations. This basis set also contains diffuse functions, which are very important for the description of the dispersion interactions. The BSSE was treated by the counterpoise-correction ͑CP͒ scheme of Boys and Bernardi. 44 In order to evaluate the dipole moment of the CH 4 -N 2 complex, the finite-field method described by Cohen and Roothaan 45 was employed. In the framework of this method, the energy of an uncharged system in the presence of a weak homogeneous electric field is written as follows:
where F ␣ is the field applied in the ␣-direction ͑␣ = x , y , z͒, and E 0 , ␣ , ␣ ␣␣ , ␤ ␣␣␣ , and ␥ ␣␣␣␣ are the energy, permanent dipole moment, dipole polarizability, and first and second hyperpolarizabilities of the free system, respectively. In the present work, the major calculations ͑except for Sec. III B͒ of the dipole moment were carried out using the following two-point formula:
The calculation errors of the dipole moment ␣ in Eq. ͑2͒ were estimated by comparison with ␣ calculated using the more accurate formula of Maroulis 48 that eliminates the contribution of higher polarizabilities in Eq. ͑1͒,
where
The results of the calculation have shown that for the chosen applied field strength of 0.001, these errors do not exceed 10 −5 a.u.
B. Analytical calculation details
The electric dipole moment ␣ of two interacting molecules for the large intermolecular separations including the range of small overlap of electron shells of these molecules may be written in the form
where ␣ ind , ␣ disp , and ␣ exch are the induction, dispersion, and exchange contributions to the dipole moment of the interacting systems. Here, ␣ exch includes contributions from different effects caused by a small overlap of electron shells of interacting molecules.
In the case of interacting molecules CH 4 ͑T d symmetry͒ and N 2 ͑D ϱh symmetry͒, the induction dipole moment through the order R −7 is written as 
Here, ␣ ␣␤ ͑i͒, ␤ ␣␤␥ ͑i ,0͒, and B ␣␤,␥␦ ͑0,i͒ are the imaginary frequency-dependent polarizability, first hyperpolarizability, and dipole-dipole-quadrupole hyperpolarizability of the molecules. Due to the absence of the data on the imaginary frequency-dependent hyperpolarizabilities ␤ ␣␤␥ ͑i ,0͒ and B ␣␤,␥␦ ͑0,i͒ both for CH 4 and N 2 molecules, we can only estimate the dispersion dipole moment ␣ disp by replacing the integral over imaginary frequency in Eq. ͑6͒ by the expressions depending only on the static properties. For this purpose, one can use the approximation ͑see, for example,
where the isotropic dispersion coefficient is
and the mean polarizability is
Using the Unsöld approximation, 51 the ratio I B␣ A,B / I ␣␣ takes the form 50 
I B␣
Here, ⍀ A,B is the average excitation frequency for monomers A and B. Analogously, one can get the expressions for the first term in Eq. ͑6͒,
Thus, assuming ⍀ A Х ⍀ B , the expression for the dispersion dipole moment ͓Eq. ͑6͔͒ takes the form ͓␣ ␣␤ ͑0͒ϵ␣ ␣␤ , ␤ ␣␤␥ ͑0,0͒ϵ␤ ␣␤␥ , and B ␣␤,␥␦ ͑0,0͒ϵB ␣␤,␥␦ ͔
The analytical expression for exchange dipole moment ␣ exch can be obtained using the asymptotic methods. 52, 53 These methods may be applied in the range of R, where a weak overlapping of the valence electron shells of interacting systems takes place. Such situation is typical for the ranges of R corresponding to the potential wells of van der Waals complexes. The analytical expression for ␣ exch is obtained for the case of two interacting atoms with the valence s-electrons. In this case, the exchange interaction of the atoms is approximately considered as an exchange interaction of two valence electrons ͑one from each atom͒. Then, the two-electron ͑one electron from atom A and one from atom B͒ wave function of the atomic complex is written as follows: , R͒ are the asymptotic atomic wave functions of the first and second electrons located near the corresponding atom core. Equations ͑14͒ and ͑15͒ are written in the coordinate system of the complex in which the interacting atoms are located on the axis connecting these atoms, and the center of the interatomic separation is taken as the origin of the coordinates. In this coordinate system, r 1 and r 2 are the coordinates of the first and second electrons. The functions I ͑r 1 , r 2 , R͒ and II ͑r 1 , r 2 , R͒ accounting for the interaction of electrons with each other and with extraneous nuclei have complicated forms and are given in Ref. 53 . The asymptotic function ͑r , R͒ can be obtained from the asymptotic radial wave function of a valence electron of a neutral atom. This radial wave function in the coordinate system with the origin in the atom nuclear has the form 52
where ␤ 2 / 2 is the atomic ionization potential and the value of the asymptotic coefficient A 0 depends on the electron distribution in the internal zone of the atom. The function ͑r , R͒ is obtained from the function ͑r͒ by transition from the atomic coordinate system to the coordinate system of the complex.
Then, the exchange interaction contribution to the dipole moment for two interacting atoms may be represented as In the framework of considered model for interacting molecules, we conserve the form of R-dependence for the exchange dipole moment components like the form for interacting atoms in Eq. ͑17͒, with ␤ A and ␤ B being the parameters expressed in terms of ionization potentials of the molecules. This form is the same for all components and does not depend on the mutual orientation of molecules in the complex. The orientational dependence of ␣ exch is introduced by the B ␣ parameter, which is not dependent on R. Therefore, for the considered CH 4 −N 2 complex, the exchange dipole moment takes the form 
III. RESULTS AND DISCUSSION

A. Ab initio and analytical dipole moment surface of the CH 4 -N 2 complex
The ab initio calculations of the dipole moment components as a function of R were carried out for 58 configurations of the CH 4 -N 2 complex with the interacting molecules considered as rigid. For these configurations, the value of R has been varied within the range of 6-40 a.u. The results of the calculation of dipole moments for the CH 4 -N 2 complex using the CCSD͑T͒ level of theory with and without the BSSE correction are given in the supplementary material. 60 The comparison of the values of the dipole moment calculated with and without the BSSE correction shows that the difference between them is less than 10 −5 a.u. Further, the values of the CP-corrected dipole moment will be used for the analysis throughout this paper.
The most discussed configurations [33] [34] [35] [36] [37] of the CH 4 -N 2 complex, including the most stable configuration, are presented in Fig. 2 . The geometric parameters ͑Euler angles A , A , A , B , and B ͒ for these configurations, along with equilibrium distance and interaction energy ⌬E͑R e ͒, are given in Table I . The ab initio calculations of the dipole moment components for these configurations at the MP2 and CCSD͑T͒ levels of theory are presented in Fig. 3 . For the MP2 calculations, R varied from 5.7 to 8.5 by 0.2 a.u. and from 8.5 to 18.5 by 1 a.u. According to the symmetry of the complex, the x component exists for all six configurations of the complex, the y component appears only for the configurations possessing C S symmetry, and there is no z component at all. Figure 3͑a͒ shows that with R decreasing, the x component for configurations 1, 3, and 6 ͑the N 2 molecule lies along the x-axis͒ monotonically goes up, and for configuration 4, it monotonically goes down. The functions x ͑R͒ for configurations 2 and 5 have a more complicated behavior. The values of the y components are significantly smaller ͑by ϳ10 2 ͒ than the values of the x components. Figure 3͑b͒ shows that for configuration 4, the function monotonically goes down, and for configuration 5, it monotonically goes up when the molecules become closer in the complex. It should be pointed out that the results of the calculation of the dipole moment of the complex at the MP2 and CCSD͑T͒ levels of theory agree well: for example, at R = 7.5 a.u. for the x component, the absolute value of the difference between cal- culations using these two methods for six major configurations is about 5 ϫ 10 −4 a.u., and for the y component, the value does not exceed 4 ϫ 10 −5 a.u. The applicability of the analytical description of the dipole moment of the CH 4 -N 2 complex in the framework of the suggested model is illustrated in Fig. 4 . In this figure, the long-range calculations, analytical calculations with the exchange contribution, and the CCSD͑T͒ calculations of the dipole moment components of the CH 4 -N 2 complex for configurations 3-5 are given. The molecular parameters used for analytical calculations are given in Table II . The coefficient C 6 = 96.94 a.u. for interacting molecules CH 4 and N 2 is taken from Ref. 61 . The exchange contribution to the dipole moment in analytical form for the considered configurations was found by least-squares fitting ␣ exch ͓Eq. ͑20͔͒ to the difference between ab initio and long-range calculations in the range of potential well for each configuration. The obtained parameters for six configurations ͑Fig. 2͒ are presented in Table III . Note that the obtained values of the B ␣ parameters correspond to ␣ ind and ␣ disp used in this work ͓see Eqs. ͑5͒ and ͑13͔͒. Figure 4 shows that this approach allows one to describe well the dipole moment including the whole range of potential well of the considered configurations of the CH 4 -N 2 complex, while the long-range approximation provides good results for R Ͼ 10 a.u. A noticeable divergence between ab initio calculations and analytical calculations carried out in the framework of the proposed model appears for small R outside the well, where overlapping of the valence electron shells of interacting molecules grows ͓i.e., at R Ͻ 7.4 a.u. for configuration 3, R Ͻ 6.3 a.u. for configuration 4, and R Ͻ 7.5 a.u. for configuration 5 ͑Ref. 35͔͒. Figure 4 shows also that analytical calculation of the dipole moment of the complex without accounting for the exchange contribution leads to incorrect ͑in some case, to dramatic͒ behavior of the dipole moment in the range R Ͻ R e . It should be noted that there is also a good agreement of ab initio and analytical calculations with ␣ exch for configurations 1, 2, and 6 in the range of their potential wells.
It is of interest to evaluate different long-range contributions to the dipole moment of the considered complex. For the first time, such analysis for the CH 4 -N 2 complex has been done in Ref. 36 , where the induction terms were accounted for up to R −6 and dispersion terms up to R −7 . In the present work, the induction terms were accounted for more completely ͑up to R −7 ͒. As an example, the dipole moment contributions for configuration 4 of the CH 4 -N 2 complex are presented in Fig. 5 . The figure shows the dispersion and induction contributions gathered for each order of R. Figure 5 demonstrates that the induction terms ϳR −7 give noticeable contribution to the dipole moment, which is essential especially for y . where P l m ͑cos B ͒ are the associated Legendre polynomials. It should be pointed out that at B = 0°the complex CH 4 -N 2 is in configuration 4, and at B = 90°, it is in configuration 3, and the fitted values B ␣ in Eqs. ͑21͒-͑23͒ for these configurations ͓B x ͑0°͒ = 0.1237, B x ͑90°͒ = 0.3728, and B y ͑0°͒ = 0.007 08͔ are in good agreement with the values in Table  III . It is obvious that the B ␣ functions in Eqs. ͑21͒-͑23͒ are periodic functions with a period of 180°due to the fact that the N 2 molecule is homonuclear. 
B. Dipole moment of the most stable configuration
It is of interest to consider the dipole moment of the CH 4 -N 2 complex being in the most stable configuration. As shown in Ref. 35 , the CH 4 -N 2 complex has a family of such configurations, for which interaction energies are practically equal ͑the difference is less than 0.16 E h ͒. These configurations are obtained from configuration 4 by rotation of the N 2 molecule by angle over the x axis at fixed equilibrium intermolecular separation R e = 6.8 a.u. The rotation of the nitrogen molecule by angle corresponds to its rotation by angle B at fixed angle B = 90°.
The dipole moment calculations for the CH 4 -N 2 complex were carried out for from 0°to 180°by 15°͑13 configurations͒. For the calculations, we have employed Eq. ͑3͒, which provides enough accuracy for the correct description of small change in ␣ ͑R , ͒. As a result, the analytical expressions for ␣ ͑R , ͒ obtained in this work take the form ͑in a.u.͒ The ab initio and analytical calculations ͓see Eqs. ͑26͒-͑32͔͒ of ␣ ͑R , ͒ at R e are presented in Fig. 8 . The analysis of the results shows that a very weak dependence of x on the angle ͓Fig. 8͑a͔͒ is defined only by the exchange contribution to the dipole moment because the dispersion and induction contributions for this case are not dependent on angle . It should be noted that the major contribution ͑96%͒ to x is the induction one, the dispersion ͑16%͒ and exchange ͑12%͒ contributions have opposite signs and partially cancel out each other. The period of changing of x ͑͒ is equal to 60°and is governed by the symmetry of the complex. The dipole moment components y ͑͒ and z ͑͒ are significantly smaller than x ͑͒ and are defined both by induction and exchange contributions ͑the dispersion contribution is negligible͒. The functions y ͑͒ and z ͑͒ are both sign-changing periodic functions with a period of 180°͓ Figs. 8͑b͒ and 8͑c͔͒. Figure 8͑d͒ shows that the modulus of the dipole moment ͉͉͑͒ = ͱ ͚ ␣ ␣ 2 ͑͒ of the CH 4 -N 2 complex being in the most stable configurations is also weakly dependent on the angle ͓͉͉͑͒ = 0.011 961Ϯ⌬͉͉͑͒ a.u., where the variation is ⌬͉͉͑͒ Ͻ 0.000 003 a.u.͔. It is obvious that the behavior of the modulus ͉͉͑͒ is similar to the behavior of the x ͑͒ component ͓see Figs. 8͑a͒ and 8͑d͔͒. It is interesting to note that a very weak dependence on the angle is also observed for the polarizability invariants of the CH 4 -N 2 complex.
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IV. CONCLUSION
In the present work, the dipole moment of the CH 4 -N 2 complex was calculated using both ab initio and analytical methods. The ab initio calculations were carried out for the first time for this complex. The calculations were performed at the CCSD͑T͒/aug-cc-pVTZ level of theory with the BSSE correction for a large number of mutual orientations and intermolecular separations ͑6 Ͻ R Ͻ 40 a.u.͒ of the CH 4 and N 2 molecules in the complex. In the analytical dipole moment calculations, the induction and dispersion contributions were accounted for completely up to the order R −7 in the framework of the classical long-range approximation. The comparison of the ab initio and analytical calculations has shown that the long-range approximation describes well the dipole moment for R Ͼ 10 a.u. For smaller R, when electron shells of interacting molecules begin to overlap, the dipole moment of the complex cannot be described correctly using the longrange approximation ͑even including the higher order terms of the perturbation theory͒. However, for small overlapping of the electron shells of interacting molecules, when the exchange interactions are still small and the long-range approximation is weakly broken ͑that is, the range of potential well of the van der Waals complex͒, there is a chance to describe the dipole moment of the complex in analytical form. For even smaller R, when overlapping of the valence electrons of interacting molecules becomes significant, the numeric quantum mechanical calculations are the only possibility.
In this work, the simple model to account for the exchange effects in the range of small overlap of the electron shells of interacting molecules has been suggested to describe the dipole moment of van der Waals complexes in analytical form for large R including the whole ranges of their potential wells. The proposed model is based on the idea of additivity of the long-range and exchange terms, with the exchange terms being calculated in the framework of asymptotic methods used in atomic collisions. The suggested model was tested on a number of configurations of the CH 4 -N 2 complex and proved to be good enough in spite of its simplicity. The model was applied for the analytical description of the dipole moment surface ␣ ͑R , ͒ for the family of the most stable configurations of the complex CH 4 -N 2 having important significance for very cold methanenitrogen atmospheres. For these configurations, the modulus of the dipole moment of the complex changes very weakly and with a good accuracy equal to the value 0.011 96 a.u.
The suggested model to take into account the effects related to the overlap of shells of valence electrons is based on the point model of interacting molecules and can be applied only to small molecules. Such limitation is due to the fact that the parameters of exchange interaction ␤ A and ␤ B are defined only by the ionization potentials of molecules and take into account neither the form nor the size of the interacting molecules. 
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